Selective synthesis of hexagonal Ag nanoplates in a solution-phase chemical reduction process by Mingzhu Liu et al.






Selective Synthesis of Hexagonal Ag Nanoplates  
in a Solution-Phase Chemical Reduction Process 
 
 
Mingzhu Liu1,2, Mei Leng1,2, Chao Yu1,2, Xin Wang3, and Cheng Wang1 () 
 
1 State Key Laboratory of Rare Earth Resource Utilization, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, 
Changchun, 130022, China 
2 Graduate School of the Chinese Academy of Sciences, Beijing, 100049, China 
3 Division of Chemical and Biomolecular Engineering, Nanyang Technological University, 637722, Singapore 
 
Received: 8 August 2010 / Revised: 9 September 2010 / Accepted: 9 October 2010 




Two-dimensional (2-D) Ag nanoplates have surface plasmon resonances which can be tuned from the visible to 
the near-IR by varying the size and morphology of the nanoplates. Due to their anisotropic structures and 
different surface energy distributions, Ag nanoplates—especially triangular ones—are kinetically stable and can 
transform into other nanostructures. Taking advantage of the synergetic effects of HNO3 and Cl– in the reduction 
solution, uniform Ag hexagonal nanoplates (HNPs) have been captured during the transformation of Ag 
triangular nanoplates (TNPs). The dimensions of the Ag HNPs can be controlled by changing the concentrations 
of reagents in the reaction or/and reduction solutions. Resonance absorption spectra of the obtained Ag HNPs 
indicated that their in-plane resonance peaks could be tuned from the visible to the near-IR region, showing 
their potential applications in medical diagnosis. 
 
KEYWORDS 




Two-dimensional (2-D) Ag nanoparticles have attracted 
great research interest in the past decade due to their 
fascinating optical properties resulting from surface 
electrons interacting with incident light [1]. Among 
the multipolar resonant modes, the in-plane dipole 
resonance peak is found to be very intense and 
sensitive to the particle size and aspect ratio, as well 
as to the surrounding medium, which allows the 
extinction wavelength to be tuned from the visible to 
the near-IR region [2, 3]. The sensitivity of the in-plane 
resonance peak to changes in the surrounding medium 
has been utilized in biological and chemical sensing 
of, e.g., proteins [4], polypeptides [5], anti-biotin [6] 
or carbohydrates [7]. The surface plasmons of an Ag 
nanoplate can also enhance the evanescent waves of a 
separated object. An Ag superlens can be fabricated 
when an Ag nanoplate of appropriate thickness is 
selected and the permittivity of the Ag and the 
adjacent object are equal and of opposite sign [8]. The 
resonant plasmons also result in a strong local 
surface-enhanced electromagnetic field [9], which 
can increase the scattering intensity of molecules 
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adsorbed on Ag nanoplates and makes the Ag 
nanoplates good substrates for the detection of small 
amounts of material, or even single molecules, by 
surface enhanced Raman spectroscopy (SERS) [10, 11]. 
In addition, Ag nanoplates in solution can be also used 
as optical limiters, in which the nonlinear scattering 
of the Ag nanoplates has been proposed to play an  
important role in the optical limiting effects [12]. 
Generally there are three kinds of methods to 
synthesize Ag nanoplates [1] such as triangular 
(nanoprism), hexagonal and round (nanodisk) 
nanostructures. Nanosphere lithography (NSL) [13, 14], 
a physical technique, gives good control over shape, 
size and interparticle spacing but requires sophisticated 
instruments and is not amenable to scale up. 
Photoinduced growth [15–17], first reported by Jin et 
al. [15], has proved successful in the synthesis of 
triangular Ag nanoplates (TNPs) and has been extended 
to the preparation of hexagonal Ag nanoplates (HNPs) 
[18] or round Ag nanoplates [19] by transformation 
of Ag TNPs. To surmount the low yields and slow 
reaction rates of the photoinduced process, chemical 
solution reduction methods have been developed. In 
these methods, various reducing agents and organic 
additives have been investigated. The reducing 
reagents employed include hydrogen peroxide [20], 
sodium borohydride [20–22], ascorbic acid [23], 
hydrazine [24], poly(vinylpyrrolidone) (PVP) [25], and 
N,N-dimethylformamide (DMF) [26]. PVP [20, 26], 
sodium citrate [21, 27], cetyltrimethyl ammonium 
bromide (CTAB) [22], and poly(sodium styrene- 
sulfonate) (BSPP) [21] are among the organic additives 
which have been utilized in the reactions to protect 
the products from agglomeration and dictate their 
anisotropic growth. The products prepared by these 
solution-phase chemical reduction processes are 
usually Ag TNPs, which are always snipped at the 
corners, together with a small quantity of other 2-D 
as well as spherical Ag nanoparticles. The morphologies 
of the Ag nanoparticles are mainly determined by the 
initial geometry of nuclei formed at the beginning  
of the reaction, which is dependent on the intrinsic 
crystalline structure and the kinetic conditions 
employed [28]. Additionally, Ag nanoplates are 
thermodynamically unstable due to their high surface 
energies resulting from their large surface area [25]. 
Therefore the presence of structure defects and 
kinetic control of growth processes are prerequisites  
for the preparation of Ag nanoplates [23, 29–31]. Due 
to the high surface energies at the corners of Ag 
TNPs [32], Ag atoms at the corners easily dissolve 
and may re-deposit on the edges or flat faces of the 
nanoplates. Therefore Ag TNPs are usually snipped 
at the corners and can be easily transformed into 
hexagonal or/and round 2-D nanostructures. These 
transformations often occur simultaneously and 
products from different transformation stages always 
coexist in the reaction solution, which leads to a variety 
of shapes of Ag nanoparticles in the final products. 
Here we report a solution-phase chemical reduction 
method for the preparation of uniform Ag HNPs on a 
large scale at low temperature (4–10 °C) within 1–3 h. 
When nitric acid (HNO3) and chloride anions (Cl–) 
are present in the reduction solution, the corner 
etching of Ag TNPs is greatly accelerated and occurs 
in a synchronous manner and uniform Ag HNPs can 
be captured as intermediates in the transformation 
process. Compared with previous reports of the 
preparation of similar Ag HNPs, in which a long 
photoinduced transformation time and/or very dilute 
precursors (in both photoinduced [18] and chemical 
reduction [33] processes) are required, our method 
provides a better control over the shape uniformity 
and tuning of particle size (from 40 nm to 350 nm in  
edge length) of Ag HNPs.  
2. Experimental 
2.1 Synthesis of Ag HNPs 
Silver nitrate (AgNO3), poly(vinylpyrrolidone) (PVP- 
K30, 2.0 mol/L in terms of the repeat unit, Mw ≈ 50 000) 
and ammonium chloride (NH4Cl) were provided by 
Sinopharm Chemical Reagent Co., Ltd. Hydrazine 
hydrate (N2H4·H2O) and HNO3, were purchased from 
Beijing Chemical Works. All reagents were used as 
received. Aqueous solutions of these reagents were 
prepared with ultrapure water, which was produced 
using an Ultrapure Water System (Purifier) and had 
resistivity larger than 18.0 MΩ. In a typical process, 
5.0 mL of a precursor solution containing 0.01 mol/L 
AgNO3, 5 × 10–6 mol/L NH4Cl and 0.01 mol/L PVP was 
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prepared and added into a 25-mL flask. The flask was 
kept in an ice-water bath to maintain a low temperature 
between 4 and 10 °C. To this flask was added 2.0 mL 
of a freshly prepared mixture of 1.4 mL water, 0.2 mL 
N2H4·H2O aqueous solution (0.2 mol/L), 0.2 mL 
NH4Cl aqueous solution (0.5 mmol/L) and 0.2 mL 
HNO3 aqueous solution (0.1 mol/L). This mixture is 
known as the reduction solution. The reduction 
solution was added by means of a peristaltic pump at 
a speed of 0.1 mL/min. The aqueous solution in the 
flask was allowed to react for 1 h after the introduction 
of the reduction solution. The resulting mixture was 
transferred to a centrifugation tube and centrifuged at 
4000 r/min for 20 min. The product was washed three 
times by ultrapure water followed by centrifugation. 
For UV–vis characterization, the product was re-  
dispersed in water. 
2.2 Characterization  
X-ray diffraction (XRD) pattern was recorded with a 
Bruker D8 Focus diffractometer using Cu Kα radiation 
(40 kV, 40 mA) with a scanning speed of 10°/min. 
Transmission electron microscopy (TEM) images and 
ED patterns were obtained using a FEI Tecnai F20 
instrument operated at 200 kV. Field emission scanning 
electron microscopy (FESEM) images were taken using 
a Hitachi S-4800 scanning electron microscope operated 
at an acceleration voltage of 10 kV. UV–vis spectra  
were recorded on a HP UV-91 spectrophotometer. 
3. Results and discussion 
As shown in Figs. 1(a) and 1(b), the Ag HNPs obtained 
from the typical synthetic process using the above 
parameters have an average edge length and thickness 
of 60 nm and 20 nm respectively. A panorama view of 
the products under lower magnification is provided 
in Fig. S-1 in the Electronic Supplementary Material 
(ESM). The XRD pattern (Fig. 1(c)) is dominated by 
the <111> peak, which indicates that the HNPs are 
mainly bound by the (111) planes. Two additional 
peaks adjacent to the <111> peak can be also observed 
in the magnified pattern (inset in Fig. 1(c)). These two 
peaks have been ascribed to hexagonal structural 
defects in Ag nanoplates [34]. TEM (Fig. 1(d)) shows 
that a single Ag HNP is slightly truncated at its six 
corners. The hexagonal symmetry of the scattered 
spots in the ED pattern (Fig. 1(e)) also suggests that 
the surfaces of HNPs are bounded by (111) planes. 
The presence of formally forbidden (1/3){422} spots in 
the ED and associated lattice fringes with a spacing of 
2.5 Å in the high-resolution TEM (HRTEM) image 
(Fig. 1(f)) are consistent with the presence of structural  
defects parallel to the flat (111) surface [34]. 
The size of the Ag HNPs can be tuned by simply 
changing the concentrations of reagents in the 
precursor or/and reduction solution. Ag HNPs with 
an average edge length of around 40 nm were 
obtained when the concentrations of AgNO3 and PVP 
were reduced to half of the values used in the typical 
process (Fig. 2(a)). Larger nanoplates (60–350 nm in 
edge length) with a broad length distribution were 
 
Figure 1 Structural characterization of Ag HNPs obtained from 
the typical process: (a, b) FESEM images; (c) XRD pattern with 
the inset showing two additional peaks adjacent to the (111) 
diffraction peak; (d) TEM image; (e) ED pattern and (f) HRTEM 
image taken from the marked area in (d) 




Figure 2 FESEM images of Ag HNPs with different edge lengths: 
(a) 40 nm; (b) 60–350 nm; (c) UV–vis spectra of Ag HNPs where 
curves 1, 2, and 3 correspond to nanoplates with edge lengths of 
40, 60 and 60–350 nm 
produced with higher concentrations of reagents in 
both the precursor and reduction solutions (Fig. 2(b)). 
Details of the experimental conditions corresponding 
to the samples displayed in Figs. 1(a), 2(a) and 2(b) 
are listed in Table S-1 in the ESM. Figure 2(c) shows 
the UV–vis spectra of the three samples with different 
edge lengths. The in-plane dipole plasmon resonance 
peaks show a marked red-shift from 565 nm to 813 nm 
with increasing edge length. The slight red-shifts of the 
out-plane quadrupole and dipole plasmon resonance 
modes [15], from 341 nm to 344 nm and 373 nm to 
389 nm respectively, could be indicative of a slight  
increase in the thickness of the nanoplates [3]. 
To study the morphological evolution, 0.5 mL 
aliquots of the reaction solution were removed from 
the synthesis mixture after different reaction times. 
These solutions were analyzed by UV–vis absorption 
spectroscopy (Fig. 3(a)) and the morphologies were 
studied by SEM (Figs. 3(b)–3(d)). Three minutes after 
commencing addition of the reduction solution, the 
mixture turned yellow and then rapidly became red. 
This solution gave a single broad plasmon peak 
centered about 416 nm with a shoulder peak at 495 nm 
and contained small Ag nanoparticles as well as a 
minor amount of triangular plates (Fig. 3(b)). On  
 
Figure 3 (a) Time-dependent UV–vis spectra of the reaction 
solution and FESEM images of samples formed after different 
reaction times: (b) 5 min; (c) 20 min; (d) 1 h 
further reaction, the red solution turned green and 
remained this color until addition of the reduction 
solution was complete. The green solution showed a 
peak due to the out-plane quadrupole plasmon 
resonance. During the course of the reaction, the 
peak position of the in-plane dipole resonance shifted 
from 495 to 642 nm accompanied by increases in  
the intensities of both dipole resonances. FESEM 
images showed that the green solution contains 
predominantly slightly corner-truncated Ag TNPs 
(Fig. 3(c)). On further incubating the reaction solution, 
a brown color appeared about 10 min after the 
completion of the addition of the reduction solution. 
The green-brown solution subsequently became 
blue-brown within 30 min and this color remained 
unchanged over the following 2 h. The bicolor 
appearance can be ascribed to the strong scattering of 
larger Ag nanoparticles, which is believed to lead to a 
significant difference in reflection and transmission 
[35]. FESEM images indicated that hexagonal silver 
nanoplates made up >80% of the product (Fig. 3(d)). 
Along with the morphological transformation from 
triangular to hexagonal nanoplates, the in-plane 
dipole plasmon peak showed a slight blue-shift 
(Fig. 3(a)). The corner truncation of TNPs and particle 
size increase of HNPs might be responsible for this 
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slight shift in plasmon resonance. It should be noted 
that the observed in-plane dipole plasmon resonance 
for the Ag HNPs differs from that of the typical 
synthetic batch (Fig. 2(c)) as they were obtained in 
different batches. Further incubation of the Ag HNPs 
should be avoided because it causes further truncations 
at their corners and leads to the formation of some 
round disks as shown in Figs. 4(a) and 4(b). However, 
the Ag HNPs are fairly stable (they remain unchanged 
for at least one month) when separated from the mother  
liquor. 
The time-dependent morphological evolution of 
silver nanostructures (Fig. 3) clearly shows that Ag 
HNPs are obtained by transformation of Ag TNPs. 
The transformation from Ag TNPs to HNPs may 
involve two processes, similar to those observed in 
the photoconversion of TNPs [18]. One is the oxidation 
of Ag atoms at the corner of the TNPs followed by 
their dissolution into the reaction solution due to 
their higher surface energy. The other is the reduction 
of Ag+ in the reaction solution by excess N2H4. The 
newly formed Ag atoms tend to be adsorbed by sites 
with high surface energy, which, in this case, are 
likely to be the side facets of Ag nanoplates having 
structural defects.  
The formation and subsequent transformation of 
Ag TNPs were found to be very sensitive to the 
experimental conditions. Deviation from the optimized 
experimental conditions resulted in dramatic 
morphological variations; typically the yield of HNPs 
was low, as TNPs and spherical nanoparticles were 
also formed. Among the parameters investigated, the 
concentration of Cl– seems to play a pivotal role in 
the formation of Ag HNPs. The effect on the synthesis 
 
Figure 4 FESEM images of products obtained after being 
incubated in the mother liquor for (a) 3 h and (b) 24 h 
of Ag nanoparticles of varying the Cl– concentration 
was investigated, with all other parameters the same 
as those in the typical process. If there was no Cl– in 
the reaction system (in neither the precursor nor 
reduction solutions), FESEM (Fig. 5(a)) showed that 
very few Ag TNPs or HNPs were formed after 
complete addition of the reduction solution and 
aging the mixture for 40 min. When Cl– was present 
in the precursor solution only (with a concentration 
of 5.0 × 10–6 mol/L), Ag TNPs were the main product 
(Fig. 5(b)). A further increase in the concentration of 
Cl– in the precursor solution should be avoided 
because more spherical Ag nanoparticles were 
produced (Fig. S-2 in the ESM). However, higher 
quantities of Cl– in the reaction system can be tolerated 
by introducing additional Cl– in the reduction solution. 
When the concentration of additional Cl– in the 
reduction solution was varied from 0.02 to 0.08 mmol/L 
(Fig. 1(a) and Figs. 5(c)–5(e)), the products were 
predominantly Ag HNPs. Further increasing the 
concentration of additional Cl– in the reduction 
solution to 1.0 mmol/L slowed down the reduction of 
Ag+, and Ag nanoparticles with various morphologies 
were obtained as shown in Fig. 5(f). The effect of 
adding Cl– to the reduction solution when there was 
no Cl– in the precursor solution was also investigated. 
If the amounts of Cl– in the reduction solution were 
comparable to the combined amounts of Cl– in the 
reaction and reduction solutions which afforded Ag 
TNPs and HNPs in the aforementioned processes, 
particles with similar morphologies were obtained 
but the size distributions tended to be broader (results 
not shown). The UV–vis spectra of Ag HNPs obtained 
with different amount of Cl– are shown in Fig. 6. 
With increasing concentration of Cl–, the in-plane 
dipole resonance showed a blue-shift, which implies 
a decrease in particle size. Meanwhile, the two out- 
plane plasmon resonance peaks showed a gradual 
red-shift with increasing Cl– concentration, suggesting 
that the thickness of the nanoplates increases [3]. This 
provides another mean of tuning the particle size, but 
the effects are much less dramatic than those obtained 
by varying the concentrations of AgNO3 and PVP 
(shown in Fig. 2). Any influence of the cations in the 
chloride salts can be excluded since replacing NH4Cl  




Figure 5 FESEM images of the products obtained (a) without 
Cl– in the reaction system, and with 5.0 × 10–6 mol/L Cl– in the 
precursor solution and (b) 0 mol/L, (c) 2.0 × 10–5 mol/L, (d) 3.0 × 
10–5 mol/L, (e) 8.0 × 10–5 mol/L, and (f) 1.0 × 10–3 mol/L in the 
reduction solution 
 
Figure 6 UV–vis spectra of the Ag HNPs prepared with 
different concentration of Cl– in the reduction solution 
by NaCl in the reduction solution while keeping the 
other reaction parameters fixed afforded Ag HNPs 
with similar dimensions and surface plasmon 
resonances. This confirms that Cl– influences the 
morphology of the 2-D Ag nanoplates. On the basis 
of the above experimental results, three conclusions 
can be drawn: (1) Cl– favors the formation of 2-D Ag 
nanostructures; (2) Ag TNPs can be formed when 
relatively low amounts of Cl– are present in either  
the precursor or the reduction solution; (3) Higher 
concentrations of Cl– are required to transform Ag 
TNPs into HNPs and continuous addition of Cl– favors  
the transformation. 
Akin to citrate [36], hydrazine has a higher reduction 
activity at high pH values. Directly adding hydrazine 
solution to the AgNO3 solution containing PVP (the 
original pH value was about 4.7) led to an increase in 
the pH of the reaction system, due to the alkaline 
nature of hydrazine, itself and afforded spherical Ag 
nanoparticles. This fast reaction can be suppressed 
by introducing an acid into the reduction solution, 
and HNO3 was found to be a good choice. The 
optimum pH of the reduction solution was found to 
be in the range 7.8–8.2. It should be pointed out that 
changing the amount of HNO3 is not advisable as the 
pH value will vary accordingly. Therefore care should 
be taken in preparing the reduction solution. On 
continuous introduction of the reduction solution by 
a peristaltic pump, the pH value in the reaction 
solution decreased and eventually reached around 
3.5. The decreased pH value implies an increase of 
HNO3 generated in the reaction solution from AgNO3, 
which might dissolve the silver nanoparticles that 
were initially formed. A similar phenomenon has 
been previously observed in the preparation of Ag 
nanocubes in a polyol synthesis and the underlying 
mechanism was rationalized [37]. We suggest that the 
reduced pH value and in situ generation of HNO3, 
together with the presence of appropriate amounts of 
Cl–, might facilitate the selective etching of Ag TNPs  
and their subsequent transformation to Ag HNPs. 
The addition of an appropriate amount of PVP is 
indispensable to prevent the aggregation of the nuclei 
in the early reaction stages as demonstrated by Xia et al. 
[38]. However, varying the molar ratio of PVP to 
AgNO3 within the range 0.5–2.0 did not significantly 
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alter the morphology of the product. In addition, the 
reaction temperature should be controlled between 4 
and 10 °C in order to achieve a favorable reaction rate 
and produce uniform Ag HNPs. Using a peristaltic 
pump to add the reduction solution to the reaction 
solution allows the separation of nucleation and 
subsequent particle growth processes, as shown by 
the FESEM images in Fig. 3, and offers a better control  
over morphology and particle size distribution.  
Despite being enclosed by low-index facets, Ag 
TNPs and HNPs have high surface energies due to 
their high surface area and are kinetically stable 
products. This has been verified by many studies of 
photoinduced and solution reduction processes. The 
arrest of nearly pure Ag TNPs has been demonstrated 
in many previous reports, but this is not the case for 
Ag HNPs. The slow rate of transformation of Ag 
TNPs to HNPs is likely to be responsible for the failure 
to arrest Ag HNPs, since the transformation of Ag 
HNPs to round shapes occurs before the completion 
of the transformation from TNPs. The mechanism of 
formation of Ag TNPs still remains an open con- 
troversial issue. The adsorption of organic additives 
on specific crystalline facets has been invoked to 
interpret the morphological evolution of 2-D Ag 
nanostructures in both photoinduced and solution 
reduction processes [23, 38, 39]. However, the negligible 
effect on the 2-D morphologies of varying the molar 
ratio of PVP to AgNO3 suggests that this mechanism 
is not applicable in our case. Recently, it has become 
fairly clear that considerable twinning or stacking 
faults are present in 2-D Ag nanoplates. These faults 
tend to occur at the thinner sides of the nanocrystals 
and serve as the preferred growth sites. As a result, 
2-D nanostructures are formed, and growth along the 
<111> direction is hindered. This is supported by our 
indirect observations using XRD, TEM, and ED. 
Therefore it is likely that the fault-induced mechanism 
dictates the formation of Ag TNPs in our synthesis. 
In addition, the transformation of Ag TNPs to HNPs 
is believed to be accelerated by Cl–. The etching effect 
of halide anions on nanostructures of noble metals 
has been well documented in the literature [40, 41]. 
Such accelerated etching of Ag TNPs allows the 
capture of Ag HNPs during the transformation of  
2-D Ag nanoplates. 
4. Conclusions 
Uniform Ag HNPs can be obtained via a solution- 
phase chemical reduction process. Experimental results 
revealed that appropriate nucleation and growth rates 
favoring the formation of Ag nanoplates could be 
achieved by finely tuning the experimental conditions. 
Among these parameters, the concentrations of HNO3 
and Cl– in the reduction solution as well as the mode 
of addition of Cl– were found to play critical roles in 
the etching process of Ag TNPs. By tuning their 
dimensions, Ag HNPs exhibiting resonance absorption 
spectra from the visible to the near-IR range can be 
obtained. XRD, ED and HRTEM data suggest that the 
fault-induced growth mechanism may dictate the  
growth of 2-D nanostructures in our process. 
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